Abstract Particle nucleation In a thermal plasma reactor occurs as a high-temperature gas undergoes a cooling trajectory. Cooling leads to formation of supersaturated vapours, which causes either homogeneous or ion-induced nucleation. Detailed models have been developed for homogeneous nucleation in a plasma reactor, including discretesectional models and moment-type models. The discrete-sectional models are capable of incorporating sizedependent cluster property data as these become available. Calculations in which a one-dimensional rates play a key role in determining the final particle size. Moment-type models are more computationally efficient, and have been coupled to two-dimensional reactor transport models. A two-dimensional model was compared with experimental results for synthesis of iron particles over a range of conditions in which the volume-mean particle size ranged from roughly 20 nm to 70 nm, with reasonable quantitative agreement for particle size versus reactant feed rate. The major weakness of current models for particle formation in thermal plasmas is the lack of an adequate understanding of ion-induced nucleation. Additionally, there is considerable need for weli-characterized experiments in which particle sizes are determined by probe sampling or light scattering. coo!inr; trajectory ~I C .
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introduction
Particle formation in thermal plasma reactors is of interest in the context of powder synthesis. A wide variety of ceramic and metallic powders have been synthesized in thermal plasma reactors [l] . The size of these powders is virtually always submicrometre, and often smaller than 0.1 pn. There is increasing inter& in methods for producing powders with average particle sizes smaller than 0.1 pm, which can be consolidated and sintered to create nanophase materials [2] . Thermal plasma reactors are well suited to high-rate generation of such ultra-fine powders.
Reactants may be injected into a thermal plasma reactor in powder form, as a liquid spray, or in gaseous form. If the reactants are injected as solids or liquids then the process is usually designed to accomplish their complete vapourization in the hot plasma. Gaseous s p i e s ifi the hot p!asmz are scbsta~tia!!y dissodeted.
The gas cools after flowing past the high-temperature core. Finally, particles nucleate and grow.
Nucleation mechanisms
A complete model of particle formation in a thermal plasma reactor would include both a model for the plasma and a model for particle nucleation and growth. The nucleation process itself is both a crucial and a poorly understood aspect of this problem. By nucleation we mean the growth of clusters to critical size, the'size at which they are as likely to grow as to decay.
Particle nucleation in a thermal plasma reactor may be driven either by physical condensation of a supersaturated vapour or by chemical reactions where no supersaturated vapour exists. In the former case (which we term physical nucleation) the growth of clusters to criticai size can occur wit'h or without tihe presence of ions as nucleation sites. These two cases are referred to respectively as homogeneous nucleation and ion-induced nucleation. We use the term chemical nucleation to denote the case in which subcritical clusters grow to critical size by a sequence of chemical reactions rather than by physical condensation [3].
Chemical nucleation under thermal plasma conditions has received scant attention. Even for the simplest of systems a proper treatment would require data on chemical rate constants for a number of clustering reactions at high temperatures, which data are sparse to say the least. However, chemical nucleation is perhaps a less common route to particle formation in thermal plasmas than one might suppose. As the plasma cools chemical clustering can occur, but it is also likely that a specific vapour becomes supersaturated. Because condensation of a monomer to a cluster involves attachment by a relatively weak van der Waals bond, rate constants for physical clustering are likely to be several orders of magnitude higher than for clustering involving formation of chemical bonds. An assessment of whether homogeneous or ion-induced nucleation dominates is difficult, though such an assessment has appeared in other contexts [4, 5] . A first estimate for electron concentrations under thermal plasma conditions is that they are given by their equilibrium value, namely by the Saha equation. Typical nucleation temperatures for refractory materials are roughly 2000K, and in most systems at atmospheric pressure the equilibrium degree of ionization at that temperature is extremely small. However, the primary mechanism for electron recombination in this regime (if particles are not present) is likely to be three-body electron-catalysed recombination, which is slow at low electron concentrations. Therefore the electron concentration is likely to be frozen at a value characteristic of equilibrium at some higher temperature, the value of which depends on the temperature-time trajectory followed by the plasma.
Smimov and Tishchenko [6] considered ion-induced nucleation of titanium particles in a thermal plasma by following a one-dimensional cooling trajectory. They modelled nucleation by estimating the fractional ionization of titanium vapour at the instant it became saturated, and assumed that all titanium atoms condensed instantaneously at that point onto all the titanium ions. However, this calculation neglects the experimental evidence and theoretical arguments for an energy barrier to ion-induced nucleation. That is, a vapour must be supersaturated for either homogeneous or ion-induced nucleation to occur [A. Also, recent experiments [SI suggest that during ion-induced nucleation only a small fraction (about 0.1%) of ions may be ellective as nucleation sites.
The theory of ion-induced nucleation [7, [9] [10] [11] ] is less well developed than for homogeneous nucleation, and is presently incapable of predicting the observed dependence of ion-induced nucleation rates on the particular ion species involved and on whether the ion is positively or negatively charged. A further complication is that growth of an ion cluster can be terminated before ,it reaches critical size by capture of an electron. Ion clusters may be more effective at scavenging electrons than are atomic ions, particularly via dissociative recombination.
Thus our current understanding of ion-induced nucleation is unsatisfactory, making the development of detailed models for thermal plasma reactors a difficult undertaking. The remainder of this discussion considers models that have been developed for homogeneous nucleation in thermal plasma reactors.
Modelling approaches
Wc have pursued two different approaches to computational modelling of particle nucleation and growth under conditions appropriate to the thermal plasma regime.
(i) 'Discrete' models, in which separate rate equations are written for the populations of monomers, dimers, trimers and so on, up to some specified size, with distribution [12] or by grouping sizes into sections, these sections typically being spaced logarithmically by particle volume [13, 14] .
(ii) 'Moment-type' models, in which an analytical expression for the nucleation rate serves as a source term to equations that describe evolution of the stable aerosol in terms of the first few moments of the size distribution
terms of a iafi;ir~cca
~151.
Discrete models are more rieorous than momenttype models. Unlike moment-type models they can treat coagulation among subcritical clusters, and they require no a priori assumptions concerning the form (for example, log-normal) of the size distribution. They are capable of simulating evolution of the entire size distribution, including subcritical clusters, thereby resolving the behaviour of the size distribution during the nucleation burst.
The major advantage of moment-type models is compt2tiona! pcor?orr?y. Therma! p!arma reactors have steep temperature gradients. As nucleation rates are extraordinarily sensitive to the vapour saturation ratio, acceptable accuracy in modelling nucleation by either approach requires extremely small time steps (equivalently, an extremely fine numerical grid). Discrete models require solution of a large set of coupled equations at each point, as a result of which their use is presently restricted to one-dimensional simulations. (The one-dimensional calculations discussed below each required X-MP supercomputer.) In contrast, moment-type models require solution of only a few equations at each point, and thus can realistically be coupled to a twodimensional plasma reactor model. Although momenttype models calculate only the first few moments of the, size distribution (for example, the number of particles, a measure of their mean diameter, and the width of the size distribution), this information is adequate for most purposes. 
while for dimers and ail larger j-mers (clusters containing j monomers) one can write
In these equations Aj denotes the number of j-men per unit mass of gas, R is the rate of monomer generation by gas-phase chemical reactions, Bij is the collisionfrequency function for collisions between i-mers and j-mers, E, is the j-mer evaporation coefficient, and the Kronecker delta function SZj accounts for the fact that two monomers are created by dissociation of a dimer.
The collision-frequency function is given from ideal gas kinetic theory for the free-molecule regime by [19] where r I and m , are respectively the radius and mass of a monomer. Under the capillarity approximation (which assigns to the cluster a surface tension equal to that of a flat liquid surface in equilibrium with its vapour) the evaporation coefficient can be written 1201
where n,{T) is the equilibrium monomer concentration for the saturated vapour.
We have used equations of the form of equations (1) and (2) For calculations involving silicon the temperature trajectory was obtained by solving the one-dimensional continuity, momentum and energy equations for isentropic flow through a nozzle having a specified geometry, correcting the temperature profile to account for wall heat losses and for the rapid heat release accompanying particle formation. The motivation for these last calculations is that we are currently conducting experiments in which silicon and silicon carbide are synthesized in a converging nozzle through which a thermal plasma expands.
A typical solution for time evolution of the particle size distribution is shown in figure 1 , from the silicon calculations, for conditions corresponding to the experiments. We assumed that the gases (Ar, H, and SiCI,) had adequate time to reach thermochemical equilibrium Parficle nucleation and growth in thermal plasmas at the nozzle inlet (in this case at 3000 K), but that the chemical composition was frozen at its nozzle inlet value, the nozzle flow time being less than 0. 4111s (this latter assumption was supported by kinetics calculations). As seen in figure 1, these calculations resolve the nucleation burst. As the temperature drops along the nozzle (from 3000K to about 2350K) the silicon vapour becomes supersaturated. At a location x = 7cm from the inlet (and at all upstream locations) one finds a monotonically decreasing distribution of subcritical clusters. At x = 8 cm there has been a sudden shift to formation of larger clusters: the homogeneous nucleation burst is in progress. By x = 9 cm the distribution curve has developed a sharp minimum at particle diameter smaller than 1 nm. The shift in the size distribution from x = 9 cm to x = l O c m is indicative of growth by coagulation, which will continue after the aerosol exits the nozzle.
These types of calculations have provided insights into the role of cooling rate and monomer concentration in aiTecting nucleation dynamics and thereby the final particle size. For example, figure 2 shows the calculated evolution of the mass-mean diameter for iron particles with three different cooling rates. The cooling rate is seen to have a pronounced effect on the size that particles attain during the brief nucleation burst: the higher the cooling rate, the smaller the particle that is produced. This phenomenon is caused by the fact that there is a characteristic time for clustering, given by T~ % (pi ni)-', and ifthe coolingrateis higher then thevapour shoots to a higher critical supersaturation before nucleation can occur.Thisisseeninfigure3,whichshows theevolution oftheironvapoursaturation ratiosfor twodifferent cooling ratesThehigher thevalueof& thesmallerthecritical cluster size. Therefore a higher critical supersaturation corresponds to many more clusters being made stable for growth (note thedistribution ofsubcritical clusters in figure l), which then occurs rapidly by condensation from the supersaturated vapour. However, the quantity of vapour available for condensation is finite, and therefore ifthere aremorestable 4 *A Temperafure (K) Figure 3 . Effect of cooling rate on the calculated evolution of the iron vapour saturation ratio, for same conditions as in figure 2 [20].
clusters they will grow to a smaller size. As can be seen in figure 2 , further growth by coagulation is relatively a second-order effect. The samearguments support the result that larger vapour concentrations produce larger particles rather than more particles.Thereis evidencefrom thermal plasma synthesis experiments to support qualitatively these predicted effects of cooling rate [24, 25] and reactant concentration [26,27] on particle size.
5. Two-dimensional modelling; moment representations of the particle size spectrum A limitation of one-dimensional models is that most real thermal plasma reactors are far from one-dimensional, because the walls must be cooled to avoid melting. Thus particles may nucleate in the cold boundary layer near the wall. A realistic model of this situation therefore requires a full two-dimensional solution of the equations that describe the plasma, coupled to equations describing the vapour and aerosol dynamics. As discussed in section 3 above, computational economy then dictates use of a momenttype model for the aerosol dynamics, although this situation will presumably change as computational costs decrease.
The kth moment of the particle size distribution is defined by where uu is particle volume and n(vJ is the size distribution function. The balance equation for the kth moment, accounting for various effects expected in a thermal plasma reactor, can be written in general form as where U is the fluid velocity vector and appropriate expressions are required for each of the terms on the right-hand side [28, 29] .
The first term on the right-hand side is non-zero only fork = 0, in which case it equals the nucleation rate. The modified expression for the nucleation rate discussed in section 3 is given by where v , is the monomer volume.
We used the modified nucleation rate, together with equations for the first three moments of the particle size distribution, to model particle nucleation and growth in a thermal plasma reactor used for experiments in our laboratory involving synthesis of iron powder [27J A detailed discussion of the expressions used to model coagulation, condensation, diffusion and thermophoresis is provided elsewhere [27, 29] . In the experiments relatively coarse (5-9 pm) iron powder was coaxially injected into an atmospheric pressure, 2 9 MHz inductively coupled RF plasma. The powder evaporated in the plasma to form iron vapour, which then nucleated to form ultra-fine particles.
The plasma velocity and temperature profiles were calculated by solving the fluid continuity, momentum and energy equations, together with an appropriate form of Maxwell's equations in which the RF current in the induction coils was used as a boundary condition [30] . A model for heating and evaporation of the feed powder, together with iron vapour diEusion, was corresponding to the experimental conditions. Nucleation of iron particles is predicted to occur around the 1600 K isotherm, giving rise to the distribution of particles shown in figure 5. (In these experiments argon was transpired through the permeable wall of the tube downstream of the plasma, so as to suppress wall deposition; this was included in the model.)
A description of the experimental apparatus and results is presented in 
Axial Location (cm) Particle nucleation and growth in thermal plasmas fild-ln;n;Tl = Ejn:
where the superscript 'e' denotes an equilibrium state.
The most convenient choice of equilibrium state is that of a saturated vapour at the same temperature as the system in question [17,3a. diluter [31] , and the diluted sample was directed to several instruments, including an electrical aerosol analyser (TSI 3030), which provided particle size distribution histograms for particles down to 10 nm in diameter.
A comparison of these results with the model predio tions is shown in figure 6 , which gives the results in terms of an average over the entire flow cross section where the measurements were made. Presented in this way the agreement between model and experiment appears excellent, although the data obtained at specific radial locations indicated that there was more cross stream mixing than predicted by the model. Considering uncertainties in both the model and the experiment, the excellent quantitative agreement seen in figure 6 is considered fortuitous. Nevertheless, the results clearly reproduce the experimental trends and the right magnitudes of particle size, which is impressive considering that a 30nm iron particle contains about lo6 iron atoms.
How to use cluster property data in a dynamic nucleation model
The capillarity approximation may be reasonably valid for high-temperature nucleation. There is considerable evidence for a sharp decrease in melting temperature with decreasing cluster size [32, 33] ; that is, at sufficiently high temperatures (but well below the bulk melting point), clusters may be effectively liquid-like, structureless spheres. Furthermore, there is evidence from electronic structure calculations, at least for sodium clusters, that the main contribution to lowering of binding energy with decreasing cluster size is a surface effect, indicating the validity of surface-energy-based arguments down to surprisingly small sizes [34] . Consider the condensation/evaporation 'reaction'
where A, represents a j-mer. At equilibrium the forward and backward rates must balance, hence where R is the universal gas constant. It can be shown [36] that this form of the distribution is correct provided that AC(j) denotes the standard free energy change associated with the 'reaction' in which one mole of monomer vapour plus ( j -1) moles of liquid equals one mole of j-mer. Combining equations (9) and (lo) , one obtains where ACjEquation (11) is a general expression for the evaporation coefficient which can be used in equations (1) and (2) . To specify AGj-I . j lacking better information, the conventional approach is to adopt the capillarity approximation, which produces equation (4). However, if data on cluster free energies are available, these can readily be incorporated. For example, low-temperature binding energies have been calculated for silicon clusters up to size 30 [37J, and efforts are presently underway to extend the approaches of local-density theory and molecular dynamics to calculate these properties at the high temperatures pertinent to thermal plasma systems. This approach can further be extended to ion-induced nucleation. Briefly (a more detailed development is the subject of current work), one would first need to estimate the frozen ion concentration by means of an analysis for electron recombination under prescribed conditions pertinent to a thermal plasma reactor. Then, discrete equations of the form of equations (1) and (2) could be used, except that coagulation among subcritical ion clusters can safely be neglected in comparison with condensation. The ideal gas expression for collision rates, equation (3), should be replaced with a more accurate expression from ion-neutral capture collision theory [38] . Finally, a growing body of data exists on the thermodynamic properties of small ion clusters, for example from Castleman's group [39] . When these are available they can be used in equation (11) in preference to the classical Thomson expression for the free energy of an ion cluster [40] , which treats -the cluster as a dielectric droplet surrounding an ionic core.
= AG( j) -A C ( j -1).
Conclusions
The modelling of particle nucleation and growth in thermal plasma systems has advanced to the point at which a model can be implemented, which describes homogeneous nucleation, condensation, coagulation, vapour diffusion and thermophoretic transport in a two-dimensional reactor space. 
